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ABSTRACT: Several states of septet and quintet spin of FeO are studied Bound 

7v+ h 1 excited states of S , E , IT, and E symmetry with R a- 3.7 Bohrs and D 

^ 1.3 eV are found. It is concluded that the ground state of FeO is not a 

septet state. It is possible that a quintet state with molecular structure 

similar to that of the states studied may be identified with the c state of 

FeO. 
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1. 

I.    [NTRDDUCriON 

in ih? course of a series of Hartree-PocJ; calculations on FeO, a state 

of   Y.   symmetry with an unusual molecular .structure was obtained^   The 

molecular orbital C'ii) configuration of this state is - besides Filled shells 

2     2     1       1.332 for the atomic cores - 7o    8o   90    10a   Sit   4Tr   16 ,    Tlie unusual aspect of 

this state is the fact that the molecular orbitals are almost entirely non- 

bonding.   The last occupied   o   orbital, 10er, is primarily an Fe ^s orbital 

with a modest amount of 4p hybridization.   The 4s-4p hybrid is directed out of 

the bond (av.ny from 0).    From examinations of the MO's, particularly 

population analyses , the molecular structure is seen to strongly resemble 

that of an   Fe   ion plus an 0   ion.    The configuration of the   Fe     ion is 

3d ('D) 4s' 4po'  ; in terms of orbitals with molecular symmetry it is 

Sda1  Sdir^ (7i0 3d62 (\') 4s-8 4pa,2 

7 7. 
7nc configuration of   0   is 2pa   2pirl. 

,2.3 
The choice of the STO basis set for the analytic open shell SCF '" 

calculations is discussed in Sec. 11 and the results of the SCF calculations 

on the Z      state are presented in Sec. 111. The computed equilibrium 

separation is 3.73 Bohrs. The dissociation energy computed with respect 

to the restricted Martrec-Fock energies of the neutral ground state atoms 

is 1.3 eV. 

A largt number of molecular wave functions can be constructed from 

the model of !'e mid 0 described above. This is done by distributing the 

Fe d and 0 p electrons in different ways among the nearly degenerate 

d.j, d", and d1 and po and pir JD's and by coupling the ftngular momenta of 

the open shells in different ways. Some of the states which could be 



constructed m tills way were Investigated and four potcntia] ciu'vcs almost 

parallel to and very near the t     stale curve were found. These states 

were investigated by means of very limited C] calculations. The results of 

these calculations wert' equivalent to Frozen orbital calculations, In this 

context, frozen orbital calculations mean calculations in which the RCF MO's 

7 + •   - of the I state arc used to construct one configuration wave functions for 

other states. The results of these calculations are presented in Sen-. IV. 

Some simple arguments are given in Sec. V to show that the molecular 

correlation energy of the states considered is very close to the correlation 

energies of the separated atoms. It is concluded, in .Sec. VI, that the 

curves obtained arc for fairly highly excited states of 1'eO. It is also 

concluded that the ground state of PeO is not a septet state. 

11. SLATER TYPE BASIS SET 

A reasonably large Slater Type (STO) basis set based on carefully 

optimized atomic basis sets was used for the calculations reported in this 
3 

paper. As is well known , an STO basis function, x> is defined by: 

X = Nr n':Lexp(-Cr )y„ (9 .AJ ; (D 

where N is a normalization factor, n is referred to as the principal 

quantum number, C is referred to as the basis function exponent, and the 

coordinates r 9. and $  arc measured with respect to center a. The 
H      a Si 

atomic SCF calculations to be discussed below were all obtained using an 

open-shell restricted Ilartree-Focl; • ' formalism. In this context, 

restricted Hartree-Fock means that all the orbitals in a shell are con- 

strained to have the same radial parts. 
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The starting point for the basis functions centereel on Fe was an 8s, 
r, 

5p, arid 4d sin basis set optinuzea lor the   D state ol Po by Bagus and 
5 2 3   ■ Gilbert .   This basis set yields a restricted Hartree-FocK ,-  energy of 

-1262,442/ a.Ui  For the   D state of Fe,    CClementi   using a basis set. of 

Lls, 6p, and 5d STO's obtained -1262,4425 a.u. and the energy obtained from 

numerical Integration of the Hartree-Fodc integro-differential equations ' 

is -1262,444 a.u.) This atonic basis set for Fe was supplemented with 2 4)") 

and ? 4f STO's For the molecular FeO calculations. The two 4p exponents were 

chosen to be approximately 102 smaller than the 4s exponents in the atomic 

Fe has is set. These exponents were added to allow for polarisation of the 

■Is shell of Fe, The two 4f exponents were chosen to sp;.n roughly the same 

space as the three smaller 3d STO's. These additional exponents were not. 

optimized. 

The starting point for the basis functions centered en 0 was a 5s 

and Sp STO basis set optimized for 0" by dementi . This basis yields an 

SCF energy of -74,78948 a.u. for 0"(2p). ..'e have also calculated an SCF 

wave function neutral 0 with the same basis set and obtain cm energy of 

-74.8065 a.u. for 0 (3p); this should be compared with the energy of 

-74.8093S a.u. for 0 (3p) obtained by Bagus and Gilbert' by optimizing the 

basis set for neutral 0. 'Die numerical Hartrec-Pock ' energies for 0 (3p) 

and 0' (2p) are, respectively, -74.80941 a.u. and -74.7897 a.u. Thus this 

0 basis set is quite satisfactory for calculations on atomic 0 and 0'. 

This basis set was supplemented with 3 3d'STO's for the molecular FeO 

calculations. The 3d exponents are the same as have been used in several 

recent calculations' on other metal monoxides (LiO, A£0, MgO and TiO) and 

CD, NO, and 0?. 



The basis set for the molecular PcO calculations was formed from the 

one center STO's on Fe and 0, described above, by constructing aiJ possible 

basis functions of o, IT, and i  symmetries. 'Hie details of the basis set 

are given in Table I. Prom previous experience with diatomic molecular SCP 

calculations", it is reasonable to estimate thai the SCF energies obtained 

for FeO using this basis set will be within .0] a.u. of the Hartree-Fock Limit 

III, SCF RESULTS FOR THE 7/:', STATE OF FeO 

The SCF calculations reported here were performed using the ALCHEMY 

quantum chemistry program system . The open shell SCF foimalism used Ls an 
7 

extension of Roothaan's analytic open shell  SCT formalism    to systems with 

more tban one open shell per symmetry.   As with Roothaan's earlier formalism , 

the matrix SCF equations, including the off-diagonal Lagrange multipliers, 

arc solved without approximation. 
7 + The electronic configuration of the     Z     slate is: 

la*- 2o    ScT 4ü    5a    60" 7o" So" 9J    10a1 in    2Yi    3n    4n    16 . 

Tlie    la   through   6a   and    in    and   211   '10's represent the atomic cores; 

i.e., the Is, 2s, 2p, 3s, and 3p orbitals of Fe and the Is orbital of   0. 

No further reference will be made to these orbitals,    The coupling of the 

remaining shells is as follows: 

7a28o: 9a(V")10a(V); V ? 2        s  7       ^ ■ 
57r  rii)4-r 00;    I 16  ( L )     ;    I t 

The SCF wave function for the configuration described above is invariant 

under a unitary transformation of the 9a and 10a orbitals. A unique 

choice of these orbitals was made by setting the off-diagonal Lagrangc 
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multipliers e« ,,, ■ f.M ,, r- 0, This Is equivalent to the usual choice 

of cannonica] SCF orbitals Tor closed shells 

SCF calculations have been performed at 6 intemuclear separations! 

R -- 3.2 (.2) 4,2; the computed potential cuive Is given in Figur© J. In 

Table li, we give population analyses , expectation values of z with 

respect to Fe and 0, and orbital energies Cor the 7o through 10o, ?ir, 

4ir, and 16 orbitals for each computed intemuclear separation, We also give 

total energies, values of V/T, dipole moments, and the gross atonic popula- 

tions. The z-axis is the intemuclear axis and is directed from Fo to 0. 

The calculated dissociation energy and equilibrium separation for the 

7 + Y.      state are D * 1,2  eV and R - 3.73 n.u. The dissociation energy is 
e e '"' 

computed with respect to the restricted Hartree-Fock energies of the neutral 

5       3 
ground state Fe and 0 atoms. These energies are E [Of I')] = 74.8094 a.u. 

and B[Fe('U)J ■ - 1262,4427 a.u. The minimum of the SCF potential curve for 

FeOwas determined by making a quadratic fit to the calculated energies for 

11 R = 3.o, 3.8, and 4.0 a.u. A Dunham analysis  of*the potential curve gave 

u = 589 an  and u X - 3 cm  for " 0 and " Fe. e e c 

Although there are small variations along the curve, the features of the 

Ws  arc very liuch the same for all the values oT R considered. From the 

population analyses and expectation values of z given in Table II, we 

draw the following conclusions. The 7a orbital is almost entirely 0 2s 

with a small mixing of basis functions on Fe. The 8a orbital is ^901 0 2pa 

with^lO? oT the charge on Fc; the charge on Fe decreases as the intemuclear 

separation decreases. The 9a orbital is almost entirely 3da on Fe. The 10a 

orbital is 'vSOl Fe 4s and ^lO"..  Fe 4po; the negative value of <z> with respect 

to Fe shows that the sp hybridization is such that the charge is directed 
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away from tlic bond.    The Sir, 471 and 16 orbitals are non-bonding atomic 

orbitais which are respectively .'■kin on Fe, 2pTi on 0 and 3d6 on 1'c. 
+ 

In sunroary, the charge distribution is near])' that of Ft    and 0 ; 

where Tor Fe   the valence shell structure (including the 3d S'ICLI) is 

Sda1 Mi:3 MS2 4s'8 4ps'2 (6II) and for 0", it is 2pa    2pTT3 (?il).    The 
■i 5 d-shell electrons or Fe   arc coupled to   D which is by Hund's rule the 

energetically most favorable coupling.   Wc note also that the wave function 

has the flexibility to dissociate to the ground states of the separated 

Fe and 0 atoms, 

Decks of cards summarizing the SCF results, and including, in 

particular, the expansion co-efficients for the MO's, have been prepared, 

'liiere are 158 cards for each intcmuclear separation. Copies of these 

decks are available upon request from the author. 

IV. PROZHN ORBITAL RESULTS FOR STATES RELATED TO WE 
7 + 

STATE OF FeO. 

If an atomic model of Fe d (sp) and 0 p Is assumed, there are a 

large number of ways in which the Fe 3d electrons can be distributed among 

da, dir, and dS  and the 0 2p electrons among pa and pir. Even if we restrict 

ourselves to cases where the 6 d-electrcns are coupled to D, there are 

still a large number of septet, quintet, and triplet state? which can be 

constructed. In Table III, we list all possible septet states and the 

Z   states which can be constructed on this model. 

7 + 13 
Wo have used the E SCF orbitals ' to construct wave functions for 

7+7-7     5+ 5 + 
the Z , E , 11, and Z   configurations listed in Table III. For  E , 

we have also constructed the nine additional configurations which arise when 

the Fe 3d electrons are not restricted to be coupled to I). Clearly, no 

additional septet configurations can be constructed by dropping the 

restriction to D coupling for Fe d , Configuration interaction, CI 
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calculations were then performed using these wave functions, 

The off-diagona] Hamiltonian matrix elements among the configurations 

5 + .   . 
listed in Table 111 (;uui, in the case of ";; , between the four' configurations 

listed and the nine additional ones mentioned above) arc negligible. Tbc 

CT cij'enfunctions could always be clearly identified with a single one of 

the configurations listed in Table III; the dominant CI coefficient for 

those stales is always greater than 0.995. Thus the results for these states 

are the same as would be obtained by frozen orbital calculations. (This 

was not expected before the CI calculations were performed but follows for 

the reasons given next.) The off-diagonal matrix elements arc small because 

of the atomic nature of the MO's and the sorts of replacements allowed between 

the configurations. In brief, those off-diagonal matrix elements involve 

only two center integrals between MO's which are essentially centered on Fe 

or on 0. The exchange-type integrals, [J:eO|FcO], arc small because the over- 

lap between the Fe and 0 orbitals is small. The Coulomb-type integrals, 

[FeFe|0 0], are small because the angular factors involved are such that the 

integrals represent high order multipole interactions. There are large 

interactions among some of the additional I   configurations. However, the 

lowest CI eigenvector significantly involving one of these configurations 

5 + 5 + 
is the forth root of the T.   CT and is ^2.5 eV above the lowest t   root; 

thus these states are not of particular interest. 

7 + 7 -    7 
The calculated potential curves for all the T.  ,    Z  ,  and IT states 

and for the lowest two of the E states are given in Figure 1. The CI 

results for the lower I   state (configuration 1 of Table III) are the same 

as the SCF results to eight significant figures. The curves for the remain- 

ing eleven T states are not bound with respect to separated Hartree-Fock 

atoms and are above the scale of Figure 1. In Table IV, vv'c tabulate the 
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calculated R and D for each of the states plotted In FiKure J. The- e    o ' 

cominant configuration in each of the states is also identified ^ ",Y>r' 

to Table III, The values of R and D have been obtained by Fitting a 

quadratic around the minimum of the curves. As usual, D is defined with 

respect to the Hartree-Fock energies of the separated atoms. 

For each synDnetry. tlie lowest state has R r\> 'SJ a.u. and D % 1.2 ■ 

1.5 eV. It is quite likely that there will be states with values of R 1       ■ e 

and 1) close to those found here for the other septet and (mintet symmetries 

7 7  5-5  r)     ri ( A, J;, Z , IT, 'A, and "c;.) and possibly also for some of the triplet states 

arising from Fe [d ( D)Csp3] and 0 . 

Of course, n variational treatment of the states listed in Table IV 

is likely to change their energies. However, the point of these frozen 

orbital calculations is to show that there arc several states of different 

symmetries but similar R and D . Because the binding is almost entirely 1 o    e * 

ionic and the IWs  essentially atomic orbitals, it is not likely that the 

frozen orbital results would be changed greatly by variational calculations, 

V. ESTIMATES OF THE hDLECULAR EXTRA CORRELATION ENERGY. 

The Hartrcc-Fock and experimental transition energies and the 

correlation energy changes for transitions from atomic Fe to Fe and 0 to 

0 are tabulated in Table V, The correlation energy of Fe ( D) +0 ( p) 

is increased by +0.38 cV with respect to the neutral atoms. If we follow the 

population analysis given in Table II and assume that Fe in FeO is 'vSOl 

Fe 5d 4s(1D) and ^20^ Fe 3d 4pC F) then'the correlation energy is increased 

by only +0.23 cY. On the model that the states of FeO considered here arc 

basically separated ions; this means that the amount of extra molecular 

correlation energy is small and about .2 - .4 cV. Thus the computed 



dis&cciation energies given in Table IV are lilcely to be reasonably close 

to the true values, 

Y. CONCLUSIONS 

Barrow and Senior' have suggested that the meist .likely ground state 

7   5 for FcO Is a E or I.   We believe that we have investigated the possible 

septet configurations fairly carefully and It seems very unlikely that these 

dissociation energies can be significantly larger than those given in Table [V 

Brewer and Rosenblatt ' have estimated a value of D ü ■ ns i  kcal/mele o 

(4,12 ±  .22  eV) for FeO. A very recent thermo-chemical value of 

D0
0 =■ 97 + 3 kcal/mole (4.21 i .13 c^,) has been reported by Balducci et al1S. 

7 
This seems to rule out a septet state and in particular a T.  state as the 

ground state of FeO. 

Several quintet states with Structure quite different from the states 

considered here have been investigated and a large Cl calculation performed 

5 + 
on a ":'.    state. For the present, we note that assuming a dissociation energy 

of 'v 4.2 eV, then the states considered in this paper will have tern energies 

19 of 'v 2.7 cV. There are observed states of FeO ", the a, b, and c states 

with tera energies cf, respectively, 2.14, 2.22, and 2.79 cV. II" the ground 

state of FeO is a quintet state, then it is possible to identify the c state 

with a quintet state with the structure which we have considered in this 

19-1 
paper. The observed " u   -  S40 cm  for the c state is in keeping with 

the shall Or; curves observej for the states reported here. 

VI. ACKNOl^LECMINTS 

The author wishes to gratefully acknowledge many stimulating discussion? 

with B. Liu, A. lb McLean, li. J. T. Preston, and M. Yoshiminc. 



lo 

VI.   KKII:!'•.'crs 
■ 

1. K.s. MUlliken, J, il.cn. I'IIVF. 2S, t.1"^ (I! 55). 

2. (:.r..i. RDothaan, RBV. Hod. riiys. v. i"«.» (1960). 

3. C«C«J. Hiothaan Mid P.S. I.  us in ^fathods In 0  putatlonal Ili/siir 

Vul.   11. /c;rJf:!iic Press, NVw Yo•!.  (1063). 

4. ('.. Iroosc-! ison-r, ((  ■; uu r Phyricv (■.    ..   it  I.M  (U'VH). 

r..     I'.s. I^w and T.L. Gilbert {wpublishri), 

0. B« ClcMui, T;il»Us of Atomic Wwc hmctioni , IBMJ. Res. md i-.'\., 

0 supple! tnl   (196S). 

7.     f!. Proese-Fischer, 'Hartrce-Fodc Resultn for the Atena from lleliun 

to Radon*' ii. British Colmfcia Tedmica] Report  (u'^'uhliy1; .!). 

i'.s. Bafus, v.. Mn, and n.i. Sdmsffer 111, Phys, tev. A:, SSS CW70). 

Nixnorical HF wsvefunctions for 0  were conputed using the progran 

inscribed in Ref. 4. 

1. P.S. Bagus, B. liu, A.n. McLean, H.J.T. Preston, end M. Yoshimine, 

unpuhlishcJ work. 

9.      A.D. Mclx^aji und M. Vosliir.inc1. 'Tables of Linear Molecule Wave 1'uiK-tirns", 

sujipl. to IBM J. of Res.  and Pev.  U,  0967). 

in.     The ALCHEW ccnfKiter progi^Bns were written by P.S. Bagps, B. Liu, 

A.D. McLean, and M, Yosliii'iine of the Theoretical Qiendstry Group at 

IBM Research in San Jose, California.    Preliminary descriptions of the 

program are given in A.P. McLe;ui, "Potential Energy Surfaces from 

ab initio Computation:    Current and Projected Capabilities of the 

ALOIPMY Computer Program,'' Proceedings of the Conference on Potential 

linorgy Surfaces in Chemistry held at the University of California, 

Santa Cruz, August 1970. 



i:. 

11.     I».»., i  in e, "ir • i  icuJ -i i. i of Attr-.ii- Stmeturn '•, Join «•:U;-. 

'     foit, {r>:-'). 

c.c... i •.. !  y. "«.:. 11        ", (.'.» (19S1)« 

I '.     .1.1. i .;!.   ., l v.  II. 721 (1932); 

A.I'. McL n, i. OH   . Pfty«. 40, 2774 (1964). 

13, In fact, the 9a Hid in   nbitsls u^i"! fci these celculetioni KWO not 

the carmemical SCF W'i deecrihod in Section Hi.   si.ij non-sero 

L^nm - multipliers,   E ().    .,,„, were inadvertently introduced in die 

original su calculations used to generate the MO's  "or the frozen 

orbital work.   The largest   i  ,,   -.r,^ is >.(il(> BVU. Tor i; ■ 3,4 s.u« 

and the next largest is ♦.008 a.u. lor R ■ 5.6 a.u,   Thoso nm-rero 

Lagrsngc jnultlplicrs do not change any properties of the   t   wave 

Ctmction but they result in 9a and lOo orbitals which are related to 

tlie cannonical orbitals by a unitary transformation,   'fhc transformaticHi 

with the largest off-diagonal elements is for R - 3,4 and    llJ-,   -.n I ■ 

.045, the next largest is for R ■ S.fi and [11«   ,«J « .021.   'Die use of 

the cannonical   9c and lOo MO's would have changed some of the frozen 

orbitn?. results to be described.    However, because the transfonuatious 

to the cannonical orbitals are nearly diagonal the changes would probably 

not have been large.    In particular, the object of the frozen orbital 

calculations is qualitative more than quantitative. 

14, C.E. Moore, "Atomic Energy Levels" Vol. II, NBS Circular 467, U.S. 

Govt. Printing Office, Washington, D. C.  (1952). 

15, L.M. Branscomb, D.S. Burch, S,J. Smith, and S, Gcltman, Pliys. Rev. 

Ill,  504  (1958). 

16, R,F. Barrow and M.  Senior, Nature 223, 1359 (1969). 



IV 

17. I.. It   ..-..'    . •• b] .:i .  • '      .' . h Tci ..■.:•: 

18. 6t HaIdu.-v. i, <;. dcfhria, !I. C'*iiil»», .''f\'. 'i .    . •'     .  i"-. 

US, 25.% (1071). 

Is).     Tablet of (•:.•.i>;^ nd Nu nrical I«.I«, tdil     •    N. HouicSeri 

Prrgwuii I rwi , (bifoni fl97n). 



i/'itr i 

The nnlecillar hir-i«; sri  is f. •     * by 
•, ar.d • h?sis. fUKtlonS n.-i iht o-i"- 

i».'- sn : i i     :>o. 
»  I '.trvci. II posslbl 

ter • '.f '•   llstfid.   fcr rci «MM  <•• .• . ^TO, the principle 
tl luc, and Cxpi'CiU «j-e V'i- '. 

r • is Fimctlons Centered on fe 

n 

Is 
?; 
3f 

3s 
4s 
4s 

27. 
21.1"l/ 
17.5331 
10.1 

3.: 
1.94 
1.0 

n. 

* 
?P 

>P 

4p 
4p 

I1.08N 
13. 
9.' 
5.2351 
1,2100 
1. 
0.9 

nf 

3d 
3d 
3d 
3d 

1 
11.2/1? 

3.1235 
1.70il 

If 
41 

C 
4.5 
2.5 

n 

Basis function Centered on 0 

r. c nt 

Is U.Iü'.- iv 7.£170 3d 4.0 
Is 7.' 2P 3.'r '•■ 3.0 
?^ 6.'/ 2o 1.74« 3d 2.0 
2? 3.'f 2D B.5GW 
2s \.7W 2P 4.7003 

Tciiter 

0 
lot-il 

Molecule» DASH Set 

Number of functfons per V.-   nry 

4 

21 13 6 
13 8 3 
34 21 9 



C   ,  • 1 •;...■•        < . . 
1        '                         1 .- r     : .       <■ . 

I.     1 ■ »     r , ^          i 
CJ •       •                • • ■     •    <          > < 

f                              • - i ,                , o 
1 i 1 '. 

CM ^. CM • • <■> * • ' 
I (■• < vT ■ ■:■■■■     ■ vlj • (   .  '                •        . • i ,     i- . . »-* 1 • y ■ 

I 
< 

«              ■               •                •                • • 
<4 

r      C   ■ <       < ' 
M 

- 
(   ■    < 

C . ■   i 
•      •      • ■ . 

I 

f" I . ■    ' ' I 
O C     I     '     '. 
<      •    . <    • 

f • 
I 

I 

c- 

I 
I 

t' t-' r -      CM   (^i 
l     '    l i -     c ■ 
Cii i ■ < - >    ' ■    • 

r--     O      ••- 
I       ( 

CO 

Ci r- *     ' >■■     • 

a       •       a       •       • ■ 

•   .   en     >• . • 
.    •   r       . > . 
t      I              O I <M •      •      •             • . 

#-•                 r ' 

i r    • : ' •    if i 

.    (   r i 

f> 

r— t       <   i r-- • 
f- ( 

C     ' .   > O <  i 
• ■       • ■ • 

C ' • •      11/ 
C' I      < 
If 
v. • • 

1      I    '   » t .     I 
r-> c • » 

• •        •        •        • a 

s? 

c tr 

4 <•• 
■ c* >• « J 

b '• t « n » 
■• • 

CM c f» to : • 1 ■ «* • i 

■ H 
C •• • 
«• i • - « • 
CM «- • 

B ••" • • 
ro 4J * • 
■ V  n 

l .1 • • 0 

Of •r ■1. I ■ 

t •.- 
o < < <. 

•»- P % .•> 
r « • •-• 
c •• ■ f> 1^ ! 

C O ' *- « .• • 
C/ -• r <a c 

4* < • «/ a •- c- /. 
4-» -Cl * • v 1 r: • •- 
%■> I i v>*» ■ 

r « «CM ♦ C '• • 
■ «J L «■ • i ^. c- * 

r c •>rw 

| _- .< • 
• • i • II 

«J 
i 

> • 
k i • » ■ o 1 M pH • 
1- • - • - • 'i 

•/> I 4J r~> 
«• c •— • 

•»• •♦ 1 w '. . * 4» e ' • O J •.• • , l^r ( I i *C 
r 1 r** ( c    «■• > V - r 

Ik u ■ • ir 
c •» - «■> < • • 
«/» i u. 

-• r 
« 1 • ■ €■ B » « ^ U 

♦J «.' • 
3 n t <" ■ 
Ci I-. 

<■■ 
• 

j t :■ M « 
c «J 
t JC ' ^ 

r^«' • Vi f 1 
inc-»o «. CM 
■ .'• V ■ • 

c •   •    • • • 
r— • -■ o • • 

o 1 II • • 
f. • 
k r— 

rj o»- i- • t • 1 
(i u »■ '   •   • «   . f • 

1- o^ o tf- 
c» 

< »   c 
e\ 4-» c   o e    •— 

(   . .     . 
»   i- .   ■   ' 

•»      •      • • • 
r-     O 

I 

tf» o> c CM i».   *ri 
■ 

i 
•       •      •       •      a • 

1*1 

en 

■ 

o 
i 

t- «i   C Wi     I 
f   . .      • 

,     r    r 
•     •     • •        • 

<■. 

I 

■ 

«     .      ■      • 

I"» 
€ 

< 

- 
I 

to 

m 

I 

•—   o   CD t— 

CO «M V     1       I   .      V_» 

•      •      •      •      • • 
CO 

«**)>.'       O O 
mi            in ^ 
c>c /1.   o e> ^» 

§ •  i       • • 
r- »-     O 

I 

Cfrt-.-     • 

CM «^ ro     ec   • - 

•   •   •        •      • 
I 

«M r 

r— 
C 

C-J    i 

CO 

»-• I'   I 
I   I.    (. 

c 

■ 
u. 
c 

co ►! r       r«^   ft: 
c    t     ■ CJ    l. 

» 

es      «i 
r»fO « I r* ^' O r- 
,- r- CM C- u <0 • 
OCor-t      CJ 

'     '     ' 
OOCM 

' 

CO 
i 

in • 

C-' 

s • 
e 
i 

CM - < 
1 

0«^ri CM o 
fJCM t , * c 
o- c    C    O O      CM 

^>                ^- c 
1 

CM ^. • »r> 
CO o 

CM ■ • 
o- ' 1 

« oo f    -    ( f ■ 

CO 

.    f--r.'      u !, 
m r^ c •      CM co 
r   r^ o O a O •        •        •                  • • 

»-             I- c l 

c 
CO 

c, c c> o o 

»»• r'., c- p-   .. 
.-• ' • v   ,    • 
o o c c   • 

ir> 

CM 
CO 
ir • 
C 

i C> 1^. «O C~,  CM 
co »— '   r- v 
o c- c o c 

0 
fO 

co 
i 

<;■> 

: I 

CO 
CM 

I 

«o co 

A 

«' r 1 •• 1 "*^' * - 
CO » 

o 
4^ 
r-/ 

r— 
rv 
1 • 

( 

A 

V\   \ I «t. 

t> 
•r- 
4< 
0/ 

3 
n 
J 

M 
V 

.1 
< i 



CM 

a' 
t:- 

< 
C     .    '  - ' 

r-      I -   '        ■ 

m 
i 

i 

<  ■ 

CJ 
I 

•  m- #        i- ^ 

C >-. ">      CJ 

c- 

o 
i 

HI n        r: > 

IT» O C   : 

r. •♦ c\i 'vj 
Cv/ O O ft 
t-) n a c ■ 

1.1 

t • 
c   I 

I 
CO 
Cvl 
'J 

• 
C7 

I '-> ■ p o 
c-> c ; f 
O c    ( > 

CM 

IM 

V] 
I 

f J 
O 
o 

in 
IT) 
in 

o 
i 

CO 
in 

a» 

(\i 

Cl! 
<VJ 

a, o 
r-" 

O 
o 

c-j 
CTl 

•     •     >     . * • 
i 

•   • •     • • 
O 

■      •      •      • • 
vj CÜ          CO ,' ■ 

in 
l 1 ' 

1 CM 

O C i i  1 r_ 
<■■ . • • in C    t)         t— *»• B      r. CM CM 

< > C    i ' c-» c i-> fv. l     c            »;. 1 i ^      c > o vt 
o c< c i ■ 1 i^c ■ r> o o o> o c> c« c O C    r) < -> r^ o 

c •        •       • • • i •    • • • cr •       •                 • • s» •                     • • CM • I. ' I-- • in o •    i i •a- o-> l\J                 CJ O CO «* r^ 00 CV in 
** < 1 Cl 

W.) 
I II) i r. 

CM o 
I • • • 

O 
o 
o 

r — 
o 

n: . v: i r-. - in i CM ••  C\J cr\ e^ 1 t ■ c • o CM 1 CO CO o • •• 
01 < - < • < n to r • f-> en I • o f    < 6 in ( • • • 
u i     •     ; ■ i- i i" r-> - <. c (il     c c> c c > f» J CM r- CM r— 

•         •         •         4 • • •        • •    • • •      •      •      ■ • •      •      • • • 1 1 1 
r- ro CO c- co <-J      (•> o in 

1 i 1 CM 

Ol/>C «. «*> T in OS • t i- o CM o 
«    ' < r«- i " 1 1 D O        ' o co 

c- C     C     '     . ^ c     • -    c ec <    .<.•«.• O c    O c~> cy f» 
§   •   • • a •       i ■ • •                     • • •              • ■ • ID 

cr • i i if 1       ■ i fi f 1 ( • co in CO C» • 1 « ■ CO • m i ■ r* m 
ro » »— K CO pi CO 

CM o »^ Cv- r> 
• • 

• • 
o 

• o 
t 

CM 
rv • 1 f» C\» r rf mco ic «*» § O C    1 1 o c-. r v 

o > . 
c 

• i '    ^   c-» •! r- r- < f . fN. C) • • 
. .    • i <\J «.»t fv. <■ • o C J c> CM f» CM ^ 

•        •        •        i • • •     • •        • o •       •       •       • • •   •   • * • 1 1 i ^* * - 
1 

«•1 n 
i 

C» CM        CM 
1 

«     . ■ r r r>. ID cv <    .. CM OS 
f    • • • o C    f c »o • ( c • 

c. .    r.c 1.1   c   c v- rt f , c o ^ •      •      • • • •     • • 1 •    •         • • •                • • • o 
vf> • • i.. < I l *»> c CM              CM O it • CO g 09 r>. in • i 1» 1 CM »■■ 1 lO O 
«n R <M • f*i c \ M 

\r> «« t** CM e« 
H • 

r a 
• 

c 
• • 

»v • 
CC vr> •- • 1    «M • • 

:' O ^ r. i o in ^» • -• 'S i r  «•-.. c » CM • r— CO en CM 
«• '        i r% r n • ^■" r      .  '  , O 00 CO • 
u. • •   •   •   < t • • 1     1 •    • •    • • CJt •      •      •      • • r '.   • •      •      • « CM • 1 1 I 

«o 
'. 

CO CM CM Cl 
t 

in 
CM 

c- c  r«     tc > CO iv. 
- r 

< C • t    ft    . • oc^ c> o «T •    •   • • •     •            • • 
i             ■ •» 1            I CO 

•J • CO 1 cr • M 
CO 

CM 
II • 

o 
• 

n: tc »i ' 1 f». 
«> l     ex.               . 1 f 
u '           «.    O O c- C    ' o •          *          •          •          • • •      ■      •      • • 

,~ 
1 

CM          CM c 
1 

oc in      »4    m 
C*00€T»    O I 

B 
O oo 

c« CM 

i ,      ■ < 
c • C3 •:- '-i   fO 

I 
o 

I O C i 
'   <   < 

CM 
o 
•4 

CO 
I 

CM o 
c_> 

(M 

CM c        r 

O 

cö     ••• o 
'■ 

CM • 
fv. 

O CO 
O        CO 
CJ        »— 

• I 
m 
CM 

r 

•    •.  r      «■ 1- o o     c- CM m m      r- CM B       Q f— VO 
C      C-    '   ■          CM lf> r- C-         r- •; '-   (.           Cv. ' o      t ■> o o c »         v   o c. O C't)C CM O. C5 O O a OCJ CM fvi •      •      •              • • t       •                 • • •          •                        • • •                 • • • 

1              1 «» 1               1 «o Cl                 CM O CO 00 
CM 1 i 1 1 «»• • 
CO 5>! g s CO ■ 

o p; IO CT» 
II CM Id in CM in • • • a« CO 
fl c o o o o r«- c> oc 

ll r» go <r es * ir. 1 CO CM o o CM 1 iO ir — tri C^ • o o o f*m 1 *f co pi r»» 
r- c-i o r> c^; i ■ one- r- 5f vn o C5 r-. Q c- o o Q o\ CO • • 
r-- cv t; <    c in o o o o 

•        ■        •        ■ 
o 
c 

o o o o 
■        •        •        • • 

CO 

_) o o 
CM          CM 

o 
o 

CM • 
in 

i "7 o 
i 

r- • ,_ 
i 1 1 CM 

in r> x-» * j n •o 'l- r- c. •o H- f" -o s- C- 1 'v-^ 
ISt 

—' v—"" ' >m0' ^-v^ 
CO 

« , 
c 

g § g r 
o 

o 
•r— 

•<- •r - •r- •f— 4J 
•M ♦ ' ■!-> 4J W 
ra 13 

r - 
ro 

3 9 A .1 A •-I A CJ 
Cl i       r rj 1         Q M U f K1 U) o 
o O V 0 V o V Ci- 

r | 

Q i c 
f- 

■»■» 

o I r KI o 
1— to ^ i— H- 

UJ ;J 



(7. 
I 

1.1 

I 

o 
I. 
f I 

4»     -f : 
t)      1 
I?      I 
f 
o 

o 

.'     ^ 

«J in 

i •i 

v 
< , - 

i   -v 
•n      ^. 

i • < 
i <. 
«• 
•> •» 
P r ■ 
in v 

« ♦ • c 
0« ■ 0 

1 i 
I 5 

r 

-S f 
t ' 
i ? 
E 

t- 

p 
o 

o 

r 
r o 
i 
o 

■l 

■c 
t " 
r 
ci 

o 

r   ■ 

i 
< 
U 

< J 
f 

o 

m 

• -   j 
r 

■ 
ci    c 

■ 
u    > 
A.     i 
r    m 

» ■ 

y 
•t    «• 
»-   x 

o 

V 
■!-• 

U 
01 

■ 

i 

■ 

0 
.'- 

< 

I 

■ 

c 

n. 

4-> 

•r— 

I 
'. 
; 

ns 

♦ • 
•r 
J I 
s. 
o 
. 

I 

f 

r 

W 
c 

J • 
«, 
U ••• 
X 
I 

•»• 

r 
•• 
r 
<-. 

t 

•r 
I 

p. 

r r 
o u 
•o I 
«3 

r 
o 

■ 
B n 

t c 

V 
o 

01 i 
I 

., .. 
H- 

t 
1 -i- 

1... f 
4; + + 

1 
I J CVJ 

1 
Ic.i 

t i 
Cvl 

1   . 
CSJ 1 CM CI 1 CVJ     i C^J CVJ CVJ Cvj 

o 
t; 

cr 

*»■ — ^--^ *■—- 

t . 1 ' 1 1; i     '   : 
'1 "1 [ • [  , 

!'. CSJ c 1 CM M 1   l vJ , CM     1 CXI CVJ 
I *, ^ ■-... ^_>- .—- "~- .' •^—'» »- - 
r.j f; t,^ c. !   »-j- n tn 1   (■■) «d I     f-j 1 CO n «■J ■^ 

i i CvJ r- t-. CM C\I 1   rj 1     0' 1 
CJ CS! r - 

CM 

D 
I 

•r- 
r— 
Li :•. H ■' H -4 
r ■ t  • 1 t ■ 1 ; 1 ; 1 ■ i ;  * [     ] !   ] 

u to IO <.; l«0 <.:/ to 1 wo cr 1 'j     1 V.' *■- <L) Vf 

c 
u. 

L. 
ft r— r— » r— r— r— .— r — r— 1 r-- t — r - r—- 

«3 

•- ' 
f I 
f ,«. ' + •1- -♦ •1 
V» f • : 1 ; : • | [   . ;   ' 1 

1 ... if' IA ' in M Li. Ut >■ < lw lit »r. u- 
c 8 
r- 

I 

™ I A'*» 

• • 1 • ,—. 1 • w^-* 
^"^ 1 1 1 • 1 

M t > I ' 1     1 i" . . . . 50 ro tt m C>i .-. fO CM «  1 to m ' r 
ro ^Mf* ** * •^ •—* v«^ *   * V-   ' «. « •^r : *M> •■ ^.^ ^.-^ 

csi Nl CNf OJ «»1 tsj rg r', fi , CM IV CJ tvi 

^ .' ^ ^ *. ^^ 
*■ #**>. • »-«, ••** • 1 * "^ 1 1    , «-• - 1 1 

1 . t     1 : ; OJ M <"     1 CJ **» w   . f ■ f> *- »•J c • H ro 
■u ^fc* v. * *»^ s^*' • ^-^. ^^ *. ' «.^ 1 -^^ -^ v^«» ^.* 
f, ro wl f^» »0 ~J fxl <n rs«( fv   1 ro r? ra CM 

• • 
■u 
c»» '" CM 

1 ^"| ^" *-• <MJ • '" *■ 1 »-• »- C\J CVJ 

■♦■ 4 1 4 •4 J 
1 • j ■! 1 I . 

K 1 • • 'K 1 * » • t. t- 
1 

1/ 

• • • 
• 

•— «•! 



i7. 

TABLE IV. 

Values of Rg and De for Frozen Orbital Calculations 
on Fen. The dominant confiquration for each state 
is identified by reference to the 11st given in 
Table III. 

Symmetry Dominant 
Configuration 

Re(a.u.) D (oV) ev    ' 

V* 

V 
7..- 

*y+ 

*r* 

l 

2 

3 

5 

6 

4 

10 

11 

3.73 1.24 

3.90 -0.G0 

3.74 1.21 

3.G9 1.46 

3.83 0.79 

3.72 0.06 

3.74 1.15 

3.71 0.20 

*The$e results are Identical to the SCF results for this state to 
eight slqnlfleant fiaures. 



TABLE V. 

Calculated and Experimental Transition 
Energies and Correlation Energy Changes 
in Fe and 0. Energies are in eV. 

State 
Calculaled 

HP Energies 
•xperiiiiental 

Enertjies 
AE Correlation 

EG 3d6(5D)4s2 

Fe 3dürD)4s;    0 6.27G 

Fe+3d6(5D)4p; 6F 10.751 

0      2p4(3p) 0 

0"    2p5(2p) +0.541 

7.898 

13.101  ü 

■1.623 

■2.350 

-1.456  " -2.006 

b. 

c. 

The HF energies ore obtained from numerical Hartree-Fock calculations 
using a program of C.  Froese-Fischer.    Sec i'ef.  7. 

See Ref. 14. 

Sec Ref.  15. 



i y, 

.225 

.25 

< 

>- en 
CD 
C 

UJ 

.275 

.30 

:eO 

Some Septet 
& Quintet States  « 

\   ;J1 

Dissociation    \ ,/ 
.imit 

^+(SCF) 

3.6       3.8 

R (BOHRS) 

4.2 AA 

Fitjure 1. rutential curves for several Septet and Quintet States of FeO. 
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MO's o:> (I iscribed in D.c. II!.  The clisrQci<Jtion limit is for the SCF energies 
of the ground state Fe ;in() 0 atoms. 


